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Neuroprotective Potential of Astroglia
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Astroglia are the homoeostatic cells of the central ner-
vous system, which participate in all essential functions
of the brain. Astrocytes support neuronal networks by
handling water and ion fluxes, transmitter clearance, pro-
vision of antioxidants, and metabolic precursors and
growth factors. The critical dependence of neurons on
constant support from the astrocytes confers astrocytes
with intrinsic neuroprotective properties. On the other
hand, loss of astrocytic support or their pathological
transformation compromises neuronal functionality and
viability. Manipulating neuroprotective functions of astro-
cytes is thus an important strategy to enhance neuronal
survival and improve outcomes in disease states. VC 2017
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INTRODUCTION
The definition of “an astrocyte” is complicated and
continues to be shaped by the ongoing discoveries involv-
ing glia in the central nervous system (CNS). The word
“astrocyte” was originally applied by Michael von Len-
hossek in 1891 to the numerous star-shaped cells observed
in histological brain specimens, once it had been realized
that “neuroglia” (brain glue) was composed of individual
cellular elements (Lenhossek, 1891). Astrocytes are now
recognized as a heterogenous population based on their
morphology and the expression of different sets of recep-
tors, transporters, ion channels, and other proteins
(Matyash and Kettenmann, 2010; Oberheim et al., 2012;
Bribian et al., 2015). This raises the intriguing possibility
that different subtypes and lineages of astrocytes could be
implicated in distinct metabolic/homeostatic functions
and suggests that astrocytes can be specialized to serve the
functions of various neuronal subpopulations. Moreover,
recent studies suggest that astrocytes may exist in differ-
ent, fairly stable functional states in terms of their interac-
tion with neurons and, under some conditions, may
become dangerously neurotoxic (Liddelow et al., 2017;
Lin et al., 2017).
If astrocytes are heterogenous, how do we unequiv-
ocally distinguish them from other cell types? Mature
astrocytes are usually anatomically classified into two gen-
eral categories: protoplasmic and fibrous (Sofroniew and
Vinters, 2010; Oberheim et al., 2012). Protoplasmic
astroglial cells are found in gray matter tissue in close asso-
ciation with neurons. They possess a larger quantity of
organelles and have relatively thicker, shorter, highly
branched processes. Some of these processes closely asso-
ciate with neuronal synapses, while others extend toward
blood vessels. Fibrous astrocytes are present in white mat-
ter and have relatively few organelles, fewer but longer
processes that extend along axon bundles, providing
structural and metabolic support for the axonal tracts. For
decades, identification of astrocytes was based on the use
of antibodies that recognize astrocyte-specific proteins,
but immunohistochemistry is now increasingly supple-
mented by the use of the promoters of some of these
genes to drive expression of various marker proteins in
these cells without staining and even in the brain in situ.
By far the most widely used immunohistochemical
marker is glial fibrillary acidic protein (GFAP), which was
the first widely accepted marker (Brenner et al., 1994;
Lee et al., 2008) and has stood the test of time well. Up
to this day, cells that robustly express GFAP are
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commonly identified as astrocytes. The converse, how-
ever, does not appear to be correct. Many mature astro-
cytes do not express detectable levels of GFAP (e.g., in
the rodent cortex), and GFAP expression by astrocytes
exhibits both regional and local variability that is dynami-
cally regulated by a large number of inter- and intracellu-
lar signaling molecules (Morrison et al., 1985; Lee et al.,
2006; Oberheim et al., 2012). Therefore, it is important
to recognize the limitations of GFAP as an astrocyte
marker (Kimelberg, 2004; Sofroniew, 2009). Other
molecular markers that have been used for immunohisto-
chemical identification of astrocytes include glutamine
synthetase (GS), the Ca21-binding protein S100b, and
the glutamate transporters EAAT1 and EAAT2 (excit-
atory amino acid transporters, in humans), known as
GLAST (glutamate aspartate transporter) and GLT1 (glu-
tamate transporter 1) in rodents (Norenberg, 1979; Gon-
calves et al., 2008). Several recent studies have conducted
large-scale genetic analyses of the astrocyte transcriptomes
in rodents and humans and have identified large numbers
of molecules enriched in astrocytes (Cahoy et al., 2008;
Zhang et al., 2014). Such studies help to identify potential
candidates for new and possibly better molecular markers
for astrocytes. An interesting addition to the pool of astro-
cytic markers is SOX9, a transcriptional factor that has
been reported as selective for astrocytes in most brain
areas (Sun et al., 2017). This protein is characteristically
accumulated in the nuclei of the cells, which sometimes is
very useful when, for example, one needs to count astro-
cytes, which is not a trivial task using antibodies against
GFAP that predominantly stain processes, creating a
mesh-like staining pattern.
An alternative to reliance on immunocytochemical
staining of markers is to express a fluorescent molecule,
such as GFP, using astrocyte-specific promoters. This tech-
nique allows the cells to be identified and studied in the liv-
ing tissue. Several promoters have been used to achieve this
effect, some driving EGFP directly, others driving expres-
sion of CRE, which requires a cross with a CRE-
dependent reporter mouse. GFAP promoter was the first
one used for this purpose (Brenner et al., 1994; Nolte et al.,
2001), and mice based on this promoter are still used
widely, even though some publications have questioned the
specificity of expression in these animals (Fujita et al.,
2014). More recently, however, other (perhaps better) driv-
ers of highly specific expression were found for astrocytes.
For example, very recent studies employed Aldh1l1-EGFP
mice (Liddelow et al., 2017; Lin et al., 2017). We would
like to emphasize that expression of the proteins responsible
for most cellular activities changes under various conditions,
and therefore the activity of all promoters is variable; this
can affect the interpretation of the results.
Electrophysiological approaches played an important
part in the study of neurons but less so in the identification
and investigation of astrocytes. Because of their leaky K1
channels, mature astrocytes have very negative membrane
potentials and are electrically passive (i.e., do not generate
action potentials). Very low membrane resistance also
means that recordings made from the somata of astrocytes
do not reveal local currents mediated by events in their
remote processes. However, the lack of action potentials
in astrocytes does not mean they are physiologically
“silent.” To the contrary, astrocytes are highly chemically
excitable cells. Astrocytes express numerous metabotropic
receptors and commonly respond to signaling molecules
(neurotransmitters) by dynamic changes in the cytoplasmic
concentration of two cations, Ca21 and Na1 (Agulhon
et al., 2008; Gourine et al., 2010; Parpura and Verkhrat-
sky, 2012; Turovsky et al., 2016). Neuronal activity can
trigger complex spatiotemporal changes of [Ca21]i and
[Na1]i in astrocytes and generate propagating Ca21 or
Na1 waves, which in turn regulate multiple effector path-
ways in these glial cells (Bernardinelli et al., 2004; Agulhon
et al., 2008, 2012; Gourine et al., 2010; Rose and Verkh-
ratsky, 2016). Astrocytes are also highly mechanosensitive,
a well-known feature whose physiological significance is
not yet understood (Araque et al., 1998; Paemeleire and
Leybaert, 2000; Maneshi et al., 2017).
It is becoming increasingly clear that even though
gray matter astrocytes from various parts of the brain may
look indistinguishable, they are, in fact, physiologically
diverse. For example, we demonstrated that astrocytes
located on the ventral surface of the medulla are involved
in central respiratory control and highly sensitive to subtle
changes in pH, but cortical astrocytes are not (Gourine
et al., 2010). More recently, we found that this sensitivity
to pH could be mediated by the electrogenic Na1/HCO23
cotransporter NBCe1, which is enriched in this population
of astrocytes and is responsible for the acidification-induced
influx of Na1, eventually leading to Ca21 elevation and
release of ATP (Turovsky et al., 2016).
Attempts to stratify astrocytes are ongoing.
Recently, using astrocytes isolated from the Aldh1l1-
EGFP reporter mouse, Lin et al. demonstrated that by
using antibodies against CD51, CD63, and CD71, it is
possible to subdivide astrocytes into several categories
with fluorescence-activated cell sorting based on combi-
nations of expression of these three markers (Lin et al.,
2017). In their experiments, five classes of cells were sepa-
rated using this combinatorial approach. They were also
different in terms of their transcriptomes and their ability
to support synaptogenesis. Moreover, to some extent
these molecular signatures could be even traced in malig-
nant gliomas, potentially indicating a relationship of some
astrocyte populations with glioma. It would be very inter-
esting to know whether there are differences in the neu-
roprotective potential of these proposed subpopulations of
astrocytes. Another obvious question concerns the extent
to which the genetic profile of the astrocyte is set by the
neurons with which it directly interacts, and whether
astrocytes can be fine-tuned to “look after” various types
of neurons (e.g., cortical pyramidal neurons) versus inter-
neurons versus dopaminergic neurons, and so forth. A
very elegant approach to this question has been recently
described by Hasel et al., who reported that neuronal
activity shapes the genomic profile of co-cultured astro-
cytes (Hasel et al., 2017). The idea in that study was to
use co-cultures of neurones and astrocytes from different
Neuroprotective Potential of Astroglia 2127
Journal of Neuroscience Research
species. This allows in silico discrimination of the changes
in gene expression in individual cell populations using
next-generation sequencing by mapping individual tran-
scripts to one of the two species. Since the origins of
astrocytes and neurones are known, the authors could
allocate altered genes to one or the other cell type.
NEUROPROTECTIVE MECHANISMS IN
ASTROCYTES
Astrocytes Take Up Neurotransmitters
Gamma-aminobutyric acid (GABA) and glutamate
are the main fast inhibitory and excitatory neurotransmit-
ters in the mammalian brain that are released mainly from
presynaptic boutons/terminals (Danbolt, 2001; Foster and
Kemp, 2006; Schousboe and Waagepetersen, 2007).
Transmitter concentration determines the extent of
receptor activation and signal transmission. It is of critical
importance that the resting extracellular concentrations of
signaling molecules are kept low (Zhou and Danbolt,
2013). Low extracellular levels can only be maintained by
cellular uptake because there is no extracellular metabo-
lism of GABA and glutamate. In case of glutamate, there
is an important reason to keep the extracellular levels low.
It is generally known that overstimulation by glutamate
induces excitotoxicity, a well-recognized component of
the pathogenesis of many brain disorders (Platt, 2007;
Broer and Palacin, 2011; Lai et al., 2014; Takahashi et al.,
2015). Clearing neurotransmitters from the extracellular
space is one of the astrocytes’ most critical functions.
Astrocytes take up glutamate using two main transport-
ers—EAAT1/GLAST and EAAT2/GLT1 (Rothstein
et al., 1996; Danbolt, 2001; Zhou and Danbolt, 2013;
Jensen et al., 2015). Rothstein et al. showed that loss of
astrocytic GLAST or GLT1 led to elevated extracellular
glutamate levels, excitotoxic neurodegeneration, and pro-
gressive paralysis (Rothstein et al., 1996). In another
study, glutamate uptake activity in GLT1 knockout mice
was reduced by about 95%. About half of mice died from
spontaneous seizures before they reached 4 weeks of age
(Tanaka et al., 1997). Interestingly, lack of GLAST does
not lead to spontaneous seizures like those seen in GLT1-
deficient mice, but when seizures are initiated, lack of
GLAST increases the seizure duration and severity (Wata-
nabe et al., 1999). The difference in mice lacking either
GLT1 or GLAST might be due to the brain-specific
localization of both transporters. Multiple studies have
demonstrated significant regional heterogeneity in the
expression of the two glutamate transporters in CNS
(Torp et al., 1997; Berger and Hediger, 2000). It is worth
mentioning that glioma cells, with the majority believed
to originate from astrocytes (Kleihues et al., 1995), lack
the expression of EAAT2. And EAAT1 is mislocalized to
the nuclear membrane (Ye et al., 1999). This leads to an
almost complete absence of glutamate uptake into glioma
cells. Even more surprisingly, these cells actually release
glutamate, which causes excitotoxic damage to the sur-
rounding neurons. This to some extent explains the for-
mation of seizure activity in the tissue surrounding
tumors, a common symptom early in the course of disease
(de Groot and Sontheimer, 2011).
Astrocytes do not destroy glutamate but, in effect,
return it to neurons via the well-established glutamate–
glutamine cycle (Bak et al., 2006). In brief, glutamate is
converted to glutamine by the astrocyte-specific enzyme
GS. Glutamine is then transferred to neurons, where it is
converted back to glutamate via deamidation by
phosphate-activated glutaminase, which is enriched in the
neuronal compartment. Failure to do so would result in
the rapid depletion of the glutamate pool in presynaptic
terminals and subsequent disruption of excitatory neuro-
transmission (Hertz et al., 1999; Tani et al., 2014). Astro-
glial glutamine is also critical for GABA replenishment in
GABAergic neurons. Presynaptic terminals convert gluta-
mine to glutamate, which is then metabolized into GABA
by glutamate decarboxylase. This is known as the GABA–
glutamine cycle (Walls et al., 2015). Because inhibition in
the brain critically depends on GABA, insufficient supply
of glutamine to GABAergic neurons may result in seizures
(Eid et al., 2013). Although the most common disorder
associated with insufficient GABA activity is epilepsy,
many other neuropsychiatric diseases involve GABAergic
dysfunction as a component (Wong et al., 2003; Gajcy
et al., 2010). As GS is an essential part of the glutamine–
glutamate/GABA cycle, it is not hard to see why changes
in expression and activity of GS may lead to neurological
dysfunction (Eid et al., 2004; Steffek et al., 2008; Lee
et al., 2010; Rose et al., 2013). Astrocyte-specific elimi-
nation of GS in neonatal mice led to a progressive failure
to feed, which caused death due to hypoglycemia within
3 days after birth. Death was associated with a precipitous
decline in the concentration of glutamine (He et al.,
2010).
Astrocytes are also responsible for replenishment of
the overall brain pool of glutamate, as they are the only
neural cell type expressing pyruvate carboxylase, a key
enzyme converting pyruvate into oxaloacetate and a
downstream intermediate, 2-oxoglutarate (Shank et al.,
1985; Olsen and Sonnewald, 2014). Glutamate is then
synthesized from 2-oxoglutarate by transamination of
aspartate. This is an essential anaplerotic pathway in the
brain, which effectively allows astrocytes to synthesize
new glutamate from glucose.
To summarize, astrocytes, on one hand, are respon-
sible for the elimination of glutamate from the extracellu-
lar space, creating an environment for effective
glutamatergic signaling; on the other hand, they support
turnover of glutamate and replenish its stocks.
Astrocytes Regulate Ion Homeostasis and pH
Ion and volume homeostasis in the CNS is main-
tained by a number of mechanisms, residing mainly in
glial cells. Apart from the release of neurotransmitters,
neuronal activity and action potentials cause substantial
local increases of extracellular K1 in the restricted extra-
cellular space (Heinemann and Lux, 1977). Without tight
regulatory mechanisms, this could dramatically alter the
2128 Liu et al.
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neuronal membrane potential, leading to hyperexcitabil-
ity. Such a scenario is prevented by the buffering of extra-
cellular K1 by glial cells. Indeed, astrocytes have a
strongly negative resting potential and express a large
number of K1 channels, resulting in high membrane K1
permeability (Orkand et al., 1966; Barres, 1991). This, in
conjunction with the action of the Na1/K1 ATPase,
enables astrocytes to capture the excess of extracellular
K1, which can then travel in the astrocytic syncytium
through gap junctions down its concentration gradient
(the so-called potassium-siphoning mechanism). In the-
ory, this should allow a flux of K1 from areas of its high
concentration toward areas of lower concentration where
it can be extruded either into the extracellular space or
into the circulation (Newman, 1987; Chen and Nichol-
son, 2000; Kofuji and Newman, 2004; Belanger and
Magistretti, 2009). Astrocytic Kir4.1 channels seem to be
particularly important for K1 buffering (Takumi et al.,
1995; Higashi et al., 2001; Djukic et al., 2007). Downre-
gulation of Kir4.1 by RNAi led to a significant impair-
ment in K1 and glutamate buffering functions of
astrocytes, hyperexcitability of neurons, and abnormal
synaptic transmission (Kucheryavykh et al., 2007). In the
astrocyte-specific conditional Kir4.1 knockout mice,
capacity to regulate extracellular K1 and glutamate levels
is compromised (Djukic et al., 2007; Chever et al., 2010).
M. Nedergaard’s group demonstrated that ammonia trig-
gers neurotoxicity by impairing astrocyte K1 buffering
(Rangroo Thrane et al., 2013). Aquaporin-4 (AQP4), the
predominant water channel expressed by astrocytes in the
CNS, has been shown to be colocalized with Kir4.1. The
colocalization of these two proteins suggests that AQP4
contributes to the coupled influx of water and K1 after
neuronal activity (Nagelhus et al., 1999; Potokar et al.,
2016). Kir4.1 expression is consistently decreased in a
variety of neurodegenerative diseases including amyotro-
phic lateral sclerosis, Alzheimer disease, Huntington dis-
ease, and Alexander disease (Nwaobi et al., 2016).
However, whether the reduction is a primary pathophysi-
ological contributor to disease progression or just repre-
sents a secondary response to neuroinflammation has yet
to be determined.
Another fundamental supportive function of astro-
cytes is their contribution to pH regulation (Belanger and
Magistretti, 2009). Many neuronal functions including
energy metabolism, membrane conductance, neuronal
excitability, synaptic transmission, and gap junction com-
munication are strongly affected by relatively small shifts
in pH (Deitmer and Rose, 1996; Obara et al., 2008). An
important feature of glial cells, endowing them with a
robust pH buffering capacity, is high expression of car-
bonic anhydrase, which converts CO2 into H
1 and
HCO23 —effectively allowing them to act as a CO2 sink
(Cammer and Tansey, 1988; Agnati et al., 1995). Regula-
tion of extracellular pH by astrocytes is carried out by
transport of H1 with Na1/H1 exchanger, by operation
of monocarboxylate transporters (MCTs) that cotransport
one H1 with one lactate molecule and by Na1/HCO23
exchanger (Deitmer and Rose, 2010) or cotransporter
(Song et al., 2013). Additionally, GLTs, which take up
glutamate, also cotransport protons (1:1) from the extra-
cellular milieu (Verkhratsky et al., 2015). In this context,
it is interesting that the astrocytes on the ventral surface of
the medulla overlaying the central chemoreceptor area are
intrinsically sensitive to CO2 and pH. It has been recently
demonstrated that Na1/HCO23 exchanger, which is par-
ticularly highly expressed in these cells, could act as an
acidification sensor, leading to an influx of Na1 with con-
secutive reversal of Na1/Ca21 exchanger, followed by
Ca21 entry and downstream signaling events (Turovsky
et al., 2016).
Finally, astrocytes may play a role in the regulation
of Ca21 concentrations. A decrease in extracellular Ca21
concentration due to high neuronal activity evokes
[Ca21]i increases in astrocytes, with some of this cytosolic
astrocytic Ca21 being excreted into the extracellular space
via Na1/Ca21 exchanger (Zanotti and Charles, 1997). It
was later shown that a drop in extracellular Ca21 due to
synaptic activity could evoke release of ATP from astro-
cytes, probably because of opening of the connexin 43
hemichannels. This process in some areas could lead to
increased activity of GABAergic neurons (Torres et al.,
2012).
Astrocytes Supply Neurons with Energy Substrates
Astrocytes make important contributions to CNS
metabolism. While the brain is a very energy-hungry
organ, it contains few energy reserves and is therefore
highly dependent on the uninterrupted supply of glucose
from the circulation. The morphological characteristics of
astrocytes are ideally tailored to sense neuronal activity at
the synapse and respond with the appropriate metabolic
supply via their end-feet, some of which also directly con-
tact intracerebral blood vessels (Belanger et al., 2011); this
idea dates back to the famous predictions made by
Ramon y Cajal (1913). Astrocytes have been proposed to
play an instrumental role in coupling neuronal activity
and brain glucose uptake through a mechanism referred
to as the “astrocyte–neuron lactate shuttle” proposed over
two decades ago by Pellerin and Magistretti (1994). The
essence of this model is that neuronal activity triggers glu-
cose metabolism in astrocytes. Glucose then undergoes
glycolysis, and the produced pyruvate is converted to lac-
tate, which is eventually released from astrocytes and
taken up by neurons to be used for oxidative phosphory-
lation (Pellerin and Magistretti, 1994; Fillenz, 2005). This
idea is still hotly debated; for further discussion, please see
our recent reviews (Mosienko et al., 2015; Teschemacher
et al., 2015). The greatest controversy involves why neu-
rons would even need lactate if there is glucose present.
There is no immediately obvious answer to this question
(Dienel, 2017). At least one important recent study per-
formed using state-of-the-art in vivo imaging in mouse
cortex provided evidence that there is a gradient of lactate
from astrocytes to neurons, which makes such transfer
physically possible (Machler et al., 2016).
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Another commonly recognized feature of astrocytes
is their capacity to store glucose in the form of glycogen.
Indeed, in the CNS glycogen is predominantly found in
astrocytes, although it is also present in minute amounts
in neurons (Phelps, 1972; Koizumi, 1974; Pfeiffer-
Guglielmi et al., 2003; Dienel, 2012). The glycosyl units
resulting from glycogen breakdown are fed into the gly-
colytic pathway of astrocytes; some of it becomes lactate,
which may be released into the extracellular space (Dienel
and Cruz, 2015). Storage of energy in the form of glyco-
gen may be important for brain resilience in situations
where glucose becomes scarce, although this depot has a
fairly small capacity. For example, it has been demon-
strated that brain glycogen levels are increased following
mild hypoxic preconditioning in vivo, resulting in signifi-
cant protection from brain damage caused by subsequent
hypoxic-ischemic injury (Brucklacher et al., 2002; Her-
zog et al., 2008; Canada et al., 2011; Evans et al., 2013).
It is interesting that more than 25 years ago it was postu-
lated that the main regulator of glycogenolysis in astro-
cytes is central noradrenaline (Stone and Ariano, 1989).
From the published transcriptomes (http://bioinf.
nl:8080/GOAD2/databaseSelectServlet), it appears that
the predominant receptor for noradrenaline on astrocytes
is the Gs-coupled b1 adrenoceptor subtype (Adrb1)
(Zhang et al., 2014); this is fully consistent with unpub-
lished observations from our laboratory. In contrast, b2
receptors are essentially all localized to microglia, while
b3 receptors are not expressed in the brain at any signifi-
cant level. Surprisingly, a recent study localized b2 recep-
tors to hippocampal astrocytes but not to microglia,
which calls for a further clarification of this fairly impor-
tant question (Gao et al., 2016). a2 adrenoceptors seem
to be also able to drive glycogenolysis in a pertussis toxin–
sensitive manner, implicating involvement of a Gi/o sig-
naling pathway (Hutchinson et al., 2011). Curiously,
adrenoceptors appear in transcriptomes at marginally low
levels (Zhang et al., 2014), but nevertheless, selective a1
agonists have a clear effect on astrocytic Ca21 in cortical
slices, and their activation leads to release of gliotransmit-
ters (Pankratov and Lalo, 2015). Hence, it is likely that
one of the key consequences of the activation of the locus
coeruleus (the key source of the front brain noradrena-
line), which is a landmark of arousal and behaviorally
engaged state of the brain, is activation of glycogenolysis.
It is also worth noting that the conventional view
on the mechanisms of lactate release from astrocytes—that
it necessarily requires MCTs—is no longer valid.
Channel-mediated release of lactate was reported,
although the nature of that channel has not yet been iden-
tified (Sotelo-Hitschfeld et al., 2015). Recently, we found
that lactate can be released via connexin hemichannels.
Hemichannel blockers strongly attenuated lactate release
triggered by transient hypoxia and by stimulation of
Schaffer collaterals in the hippocampus in brain slices. As
mentioned above, one trigger, which effectively opens
hemichannels, is lowering of extracellular Ca21 (Kara-
giannis et al., 2016). Hence, it is possible that dips in
extracellular Ca21 during episodes of neuronal activity
open hemichannels and cause release of not only
ATP but also lactate (Torres et al., 2012). For further dis-
cussion of the roles of lactate in astrocyte-to-neuronal
communication, see Barros (2013), Mosienko et al.
(2015), and Teschemacher et al. (2015).
Astrocytes Contribute to Control of Cerebral
Blood Flow
To maintain normal brain function, it is critical that
cerebral blood flow (CBF) is matched to the neuronal
metabolic needs. Apart from purely metabolic consider-
ations, this is critical because brain activity leads to release
of copious amounts of heat, which must be drained from
the activated areas to prevent overheating. Astrocytes are
the essential elements of the mechanism that controls
CBF (Howarth, 2014). However, it is still not clear how
astrocytes control the vasculature, although the unique
and close relationship of astrocytes with cerebral blood
vessels has been recognized since Ramon y Cajal’s time.
A popular hypothesis of astrocytic control of CBF in
response to neural activity has been that neuronally
released glutamate acts on astrocytic metabotropic gluta-
mate receptors (mGluRs) to raise astrocytic [Ca21]i, initi-
ating downstream production of arachidonic acid (AA)
followed by formation and release of vasoactive substances
(Zonta et al., 2003; Mulligan and MacVicar, 2004;
Takano et al., 2006; Attwell et al., 2010; Choi et al.,
2012). However, some studies have put this hypothesis
into question. For example, it has been shown that in
mature mice, mGluR5, which is usually expected to
mediate astrocytic Ca21 responses to glutamate, is down-
regulated, suggesting that this coupling mechanism might
be more relevant for the very young brain (Sun et al.,
2013). Other evidence suggests that neuron–glia signaling
may be mediated by neuronally released ATP acting on
glial P2Y receptors rather than via activation of mGluRs
by glutamate (Calcinaghi et al., 2011; Habbas et al., 2011;
Nizar et al., 2013; Sun et al., 2013). Group I mGluRs and
the ATP receptor P2Y1 are both G protein–coupled
receptors associated with Gaq signaling that induces Ca21
release from internal stores by generating IP3. However,
in mice where the astrocyte-specific subtype 2 of IP3
receptor was knocked out, neurovascular coupling
seemed to be preserved (Nizar et al., 2013). A recent
study by Mishra et al. might explain why release of Ca21
from stores does not affect neurovascular coupling (Mis-
hra et al., 2016). They provided evidence that astrocyte
[Ca21]i is raised not by release from intracellular stores
but by entry through ATP-gated channels. Alternative
hypotheses of astrocyte control of vessel diameter also
include the efflux of K1 through Ca21-activated K1
channels in astrocyte end-feet (Filosa et al., 2004). Some-
what in this vein is a recent study by Longden et al. that
described a mechanism present in brain capillaries and
operating via an inward-rectifier Kir2.1 channel (Longden
et al., 2017). The idea in that study is that this channel
can be activated by a local elevation in the extracellular
K1, resulting in further hyperpolarization of the
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endothelial cell. This creates a propagating wave of hyper-
polarization that travels to the upstream arterioles, causing
vasodilation and an increase in perfusion of activated areas
of the brain. This is an attractive idea because it could
help to tie together a number of previously made sugges-
tions, but it may need further support from other groups
working in this area.
The role of astrocyte [Ca21]i transients in the con-
trol of CBF in vivo during functional hyperemia remains
controversial. Although some studies argued that astro-
cytic Ca21 transients are not fast and frequent enough to
account for neurovascular coupling (Nizar et al., 2013),
the bulk of evidence shows convincingly that, at least at
the level of end-feet, responses occur within reasonable
time frames (Takano et al., 2006; Lind et al., 2013; Otsu
et al., 2015). Hence, we still do not know for certain
whether Ca21 transients in astrocytes really are critically
important for neuron-to-blood vessel coupling (Gurden
et al., 2006; Petzold et al., 2008; Schummers et al., 2008).
Irrespective of the role of Ca21, we have demonstrated
that rapid degradation of extracellular ATP and ADP by
viral vector–mediated expression of the enzyme trans-
membrane prostatic acid phosphatase drastically attenuates
BOLD fMRI responses in rat neocortex to stimulation of
somatic afferents (Wells et al., 2015). Even though in that
study the source of ATP was not identified, the bulk of
published studies point to astrocytes as the main sources
of extracellular ATP, which appears to be an essential
contributor to neurovascular coupling. Mishra and col-
leagues’ work suggested, though, that neuronal activity
also results in postsynaptic release of ATP by neurons,
which acts on ATP receptors on astrocytes (Mishra et al.,
2016). This process should have not been affected in our
experiments cited above (Wells et al., 2015), consistent
with the idea of astrocytes as the key source of ATP in
the case of neurovascular coupling.
Astrocytes and the Blood-Brain Barrier
Integrity of the blood-brain barrier (BBB) is funda-
mental to the well-being of neurons. The BBB is formed
by the endothelial cells connected by tight junctions, sur-
rounded by the basal lamina and sealed by the astrocyte
end-feet (Chow and Gu, 2015). Astrocytes are important
in the development and maintenance of BBB characteris-
tics in endothelial cells through the release of growth
factors like vascular endothelial growth factor (VEGF),
glia-derived neurotrophic factor, basic fibroblast growth
factor, and angiopoietin 1 (Dehouck et al., 1990; Rubin
et al., 1991; Hayashi et al., 1997; Haseloff et al., 2005;
Alvarez et al., 2013). These factors are important in the
formation of tight junctions, expression of relevant
enzymes, and polarization of the transporters (Wong
et al., 2013).
Disruption of BBB is a common feature of various
neurological disorders, such as cerebral ischemia, trauma,
glioblastoma, stroke, multiple sclerosis, epilepsy,
Alzheimer disease, and Parkinson disease, all of which are
accompanied by changes in the permeability of the BBB
and phenotypical changes of both endothelial cells and
astrocytes (Daneman, 2012; Alvarez et al., 2013; Cabezas
et al., 2014). Reactive gliosis, which typically follows
damage and accompanies BBB disruption, has an addi-
tional detrimental effect on the barrier function and neu-
ronal survival (Daneman, 2012; Obermeier et al., 2013;
Cabezas et al., 2014).
Astrocytes Defend Against Oxidative Stress
The mammalian CNS is particularly prone to dam-
aging effects of reactive oxygen species (ROS) because of
its high rate of oxidative metabolism and large fatty acid
content in myelin and other membranes (Belanger et al.,
2011). The unsaturated carbon–carbon bonds, needed to
ensure sufficient fluidity of the fatty acid side chains of the
phospholipids, are most susceptible to oxidative damage
by ROS (Dringen, 2000). ROS cause breakdown of a
large number of lipids and proteins. Because the reduction
of molecular oxygen by the respiratory chain is never
complete, ROS are always produced and need to be neu-
tralized. For further information, see the reviews by
Kimelberg and Nedergaard (2010), Gandhi and Abramov
(2012), Kim et al. (2015), and Gebicki (2016).
Astrocytes possess a much more effective defense
system against ROS than neurons (Wilson, 1997). There-
fore, cooperation of astrocytes with neurons is essential
for neuronal resilience against ROS (Belanger and Magis-
tretti, 2009). This idea is supported by a large number of
studies demonstrating that when cultured in the presence
of astrocytes, neurons are much more resistant to toxic
concentrations of nitric oxide, hydrogen peroxide, or
superoxide anions combined with nitric oxide or iron
(Langeveld et al., 1995; Lucius and Sievers, 1996; Tanaka
et al., 1999; Chen et al., 2001; Fujita et al., 2009).
Greater activity of ROS-detoxifying enzymes
(including glutathione [GSH] S-transferase, GSH peroxi-
dase, and catalase) and significantly higher levels of anti-
oxidant molecules (such as GSH, ascorbate, and vitamin
E) in astrocytes contribute to their ability to improve the
survival of neurons. In addition, astrocytes may also pre-
vent generation of free radicals by redox active metals, as
they participate in metal sequestration in the brain (Makar
et al., 1994; Huang and Philbert, 1995; Dringen et al.,
1999).
GSH is the most potent intrinsic antioxidant mole-
cule in the brain. As a tripeptide comprising the amino
acids glutamate, cysteine, and glycine, GSH is generated
by the successive actions catalyzed by g-glutamyl cysteine
ligase and GSH synthetase. Since intracellular glutamate
and glycine concentrations are relatively high, cysteine
appears to be the rate-limiting substrate for GSH synthesis
(Dringen, 2000). Extracellular cysteine is readily auto-
oxidized to cystine. Cystine uptake is mediated by cys-
tine/glutamate exchange transporter (xCT), which is
expressed primarily on astrocytes (Qiang et al., 2004; Seib
et al., 2011). Astrocytes then reduce it back to cysteine,
which is used to synthesize GSH, and consequently
release it into the extracellular space. GSH acts against
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ROS either by directly reacting with ROS or as a sub-
strate for GHS S-transferase or GSH peroxidase (Dringen,
2000). Although neurons also can synthesize GSH, they
depend on astrocytes for the supply of cysteine because
they are not very efficient in using extracellular cystine as
a cysteine precursor.
Ascorbic acid, the reduced form of vitamin C, is
another key antioxidant in the CNS. Ascorbic acid is syn-
thesized in the liver of most mammals. However, higher
primates, including humans, lack the functional enzyme
for the final step of synthesis, rendering them dependent
on exogenous sources of ascorbic acid (Nishikimi et al.,
1992; Lachapelle and Drouin, 2011). This dietary depen-
dence led to its categorization as a vitamin. Ascorbic acid
is concentrated in the brain (Spector and Lorenzo, 1973).
It is believed that ascorbic acid may be released from glial
reservoirs into the extracellular space, from where it is
taken up by neurons. In neurons, ascorbic acid scavenges
ROS generated during periods of high activity leading to
formation of the oxidized form dehydroascorbic acid,
which is released from neurons and taken up by astrocytes
(Wilson, 1997; Covarrubias-Pinto et al., 2015). Astrocytes
reduce dehydroascorbic acid back to ascorbic acid and
either use it themselves or release it into the extracellular
space. This recycling of ascorbate is another good exam-
ple of cooperation between astrocytes and neurons in
antioxidant defense (Covarrubias-Pinto et al., 2015).
Ascorbic acid has also been implicated in regulation of the
astrocyte–neuron lactate shuttle (Castro et al., 2009).
During glutamatergic synaptic activity, neurons produce
glutamate, which stimulates ascorbic acid release from
astrocytes. Ascorbic acid then enters into neurons and,
within the cell, can inhibit glucose consumption and
stimulate lactate transport. Imbalance of ascorbic acid
homeostasis has been demonstrated in several neurode-
generative disorders (Shaw, 2005; Acuna et al., 2013;
Warner et al., 2015). Ascorbic acid deficiency exacerbated
oxidative stress–induced neuronal death during neurode-
generation (Kim et al., 2015). Based on these consider-
ations, ascorbic acid has been tested as a neuroprotective
agent in humans for treatment of various neurodegenera-
tive diseases including Parkinson disease, amyotrophic lat-
eral sclerosis, and Huntington disease (Fitzgerald et al.,
2013; Covarrubias-Pinto et al., 2015). One of the major
problems with the application of ascorbic acid in neuro-
protective therapy is its rapid oxidation in tissues.
Astrocytes Assist Synapse Formation and
Maintenance
Astrocytes play an essential role in the development
of the nervous system by regulating formation, matura-
tion, maintenance, and stability of synapses (Guillamon-
Vivancos et al., 2015). Growing axons are directed
toward their targets by astrocyte-derived guide molecules,
such as tenascin C and proteoglycans (Powell and Geller,
1999). In the absence of glia, cultured retinal ganglion
cells developed little synaptic activity, which was 100
times higher when they were co-cultured with astrocytes,
and the increase was due to the formation of additional
synapses (Pfrieger and Barres, 1997). This increase in the
number of synapses was mediated by the astrocyte-
secreted factor, thrombospondin, an important matrix
molecule induced by purinergic signaling (Christopherson
et al., 2005; Risher and Eroglu, 2012). Thrombospondins
are a family of five homologous proteins. Astrocytes
express at least four types of thrombospondins during
development and following damage to brain tissue.
Thrombospondins facilitate formation of ultrastructurally
normal excitatory synapses at both presynaptic and post-
synaptic levels (Barres, 2008; Guillamon-Vivancos et al.,
2015). In addition to thrombospondins, cholesterol has
also been shown to be an important astrocytic factor for
synapse maturation. CNS neurons produce enough cho-
lesterol to survive and grow, but the formation of numer-
ous mature synapses demands additional amounts, which
are provided by astrocytes (Mauch et al., 2001; Ferris
et al., 2017; Van Deijk et al., 2017). Astrocytes also par-
ticipate in formation of the inhibitory synapses (Elmariah
et al., 2005). Therefore, it is plausible that astrocytes
might help restore synapses after injury (Emirandetti
et al., 2006; Tyzack et al., 2014) and represent a cellular
target for treatments aimed at promoting posttraumatic
plasticity and recovery. However, it is important to
acknowledge recent data demonstrating that astrocytes,
when pathologically activated by microglial cytokines,
can in fact have a detrimental effect on synapse formation
and/or maintenance (Longden et al., 2017).
It is thought that astrocytes are also involved in the
elimination of synapses in the CNS, the process that
underlies the fine tuning and plasticity of neuronal inputs
(Barres, 2008). This may be achieved by secretion of cer-
tain factors or proteolytic enzymes, which demolish the
extracellular matrix and reduce the stability of the synaptic
contact (Stevens et al., 2007; Verkhratsky et al., 2016).
Subsequently, astroglial processes may enter the former
synaptic cleft and literally substitute the synapse. It has
been suggested that astrocytes play a role in synaptic prun-
ing via Draper/Megf10 and Merk/integrin alpha(v)beta5
phagocytic pathways (Barres, 2008) and release of signals
that induce expression of the C1q protein, which activates
the classical complement pathway (Stevens et al., 2007).
Contribution of glia to formation and elimination of syn-
apses is one of the hot topics in today’s neuroscience.
Astrocytes Produce and Release a Variety of
Growth Factors and Other Trophic Molecules
Although it is generally accepted that co-cultured
astrocytes have “trophic” action on neurons, and that
they synthesize and release a range of molecules that can
be classified as trophic factors (e.g., brain-derived neuro-
trophic factor, VEGF), it is not clear whether any such
factors are exclusive to astrocytes. In this regard, trans-
forming growth factors (TGF)-b1 and TGF-b2 are prob-
ably among the best-documented candidates (Dhandapani
et al., 2003), and they may be responsible for the neuro-
protective effect of estrogens (Dhandapani and Brann,
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2003; see review by Gomes et al., 2005). Meteorin is
another example of a “trophic” factor involved in
astrocyte-to-neuron signaling. It was first identified as a
retinoic acid–responding gene suggested to be involved in
glial differentiation and regulation of axonal extension
(Nishino et al., 2004). Meteorin is long peptide (291
amino acids in the mouse) and is highly expressed by
Bergman glia in the cerebellum but also by astrocytes and
some discrete neuronal populations (Jorgensen et al.,
2009). In addition to the effects on glia and neurons, it is
implicated in the maturation of the BBB by stimulating
endothelial cells (Park et al., 2008). Recently, Lee et al.
found that Meteorin is upregulated in reactive astrocytes
in a photothrombotic ischemia mouse model and func-
tions as a negative feedback effector in reactive gliosis
(Lee et al., 2015). However, the cellular receptor(s) for
Meteorin is still unknown.
Astrocytes Improve Viability and Maturation of
Stem Cell–Derived Neurons
Human-induced pluripotent stem cell (hiPSC)-
derived neurons currently attract a lot of attention as
invaluable tools for modeling disease and as potential
means of therapy (An et al., 2012; Israel et al., 2012;
Chen et al., 2014; Zhang et al., 2017). HiPSCs provide
an unlimited source of genetically personalized cells of
various phenotypes, including neurons with a diminished
risk of immunorejection (Grskovic et al., 2011; Ichida
and Kiskinis, 2015). However, one of the critical con-
cerns that limits application of hiPSC-derived neurons is
their long-term functional stability. When cultured in the
absence of astrocytes, such neurons lack the adequate
environment and usually can only survive short-term. As
described earlier, it has long been recognized that astro-
cytes are essential partners of neurons and produce
numerous diffusible and nondiffusible neuron-supporting
signals and trophic factors (Barres, 2008)
Extensive experimental evidence demonstrates that
astrocytes play a critical role in promoting both
morphological and functional maturation of human neu-
rons derived from hiPSCs (Roy et al., 2006; Pasca et al.,
2015). For example, the presence of astrocytes signifi-
cantly enhanced neuronal dendritic complexity, the
expression of ionic channels and neurotransmitter recep-
tors, and the frequency and amplitude of synaptic events
in hiPSC-induced neurons (Tang et al., 2013). In another
study, co-culture of rat astrocytes with hiPSC-derived
neurons facilitated long-term survival of hiPSC-derived
neurons for more than 3 months and spontaneous firing
activity. Moreover, the presence of astrocytes protected
the neurons from damage, and they had elongated neu-
rites, contrasting with the damaged neurites in the
absence of astrocytes (Odawara et al., 2014). Other exam-
ples include embryonic stem cell–derived motor neurons
in mice, which were stabilized by culturing them on an
astrocytic “feeder” layer (Bryson et al., 2014). These and
many other observations show that astrocytes are crucial
partners to the induced neurons and justify the need for a
better understanding of this close relationship.
ASTROCYTES CAN SOMETIMES
BE “BAD GUYS”
As described above, astrocytes normally play a neuropro-
tective role, but, upon pathological stimuli, they can
release a range of cytotoxic mediators, including ROS,
reactive nitrogen species, proinflammatory cytokines, and
chemokines (Benveniste, 1992; Rama Rao and Kielian,
2015). These mediators are detrimental to neurons and
ultimately result in neuronal dysfunction and promote
neuronal cell death. Astrocytes respond to all forms of
injury and disease in the CNS through a process referred
to as reactive astrogliosis. Studies over the past 20 years
provide compelling evidence that reactive astrogliosis is
not simply an all-or-nothing phenomenon but, rather, is a
finely graded continuum of molecular, cellular, and func-
tional changes that range from subtle alterations in gene
expression to glial scar formation. These changes can
exert both beneficial (Anderson et al., 2016) and
Fig. 1. Summary of neuroprotective mechanisms residing in astrocytes discussed in this review.
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detrimental effects (Liddelow et al., 2017) in a context-
dependent manner regulated by many potential signaling
events. Reactive transformation of astrocytes is beyond
the scope of this review, but there have been some excel-
lent reviews published on this topic in recent years
(Burda and Sofroniew, 2014; Pekny and Pekna, 2014;
Pekny et al., 2014; Liu and Chopp, 2015; Filous and Sil-
ver, 2016; Pekny et al., 2016). Here we only want to
emphasize one recent high-profile study, which focused
attention on the mechanisms by which activated (reac-
tive) astrocytes may compromise neuronal networks
(Liddelow et al., 2017). Liddelow et al. used a model
whereby astrocytes are activated by the inflammatory
stimulus lipopolysaccharide (LPS). LPS injections
induced in astrocytes upregulation of many genes of the
classical complement cascade, and the authors ascribed a
neurotoxic phenotype, the so-called A1 state, to this
transformation. In contrast, ischemic insults lead to upre-
gulation of many of the factors with trophic activity, and
this state, termed A2, was postulated to be neuroprotec-
tive. The neurotoxic A1 phenotype was not the result of
a direct action of LPS on astrocytes but required a step
mediated by microglia, which is sensitive to LPS. Trans-
formation into the A1 phenotype seemed remarkably sta-
ble, rendering astrocytes unable to properly support
neuronal functions and synaptogenesis. Currently, the
identity of the “benevolent” A2 phenotype is much less
clear, as is how, in relation to these two proposed states,
various populations of resting astrocytes can be classified.
The study also suggested that genomic profiling reveals a
much more complex picture than just two clearly
defined states. Multiple papers where astrocytes were
used in vitro to support neurones, including stem cell–
derived neurones, show that on the whole, astrocytes are
extremely important for the well-being of neurones,
even though cultured astrocytes are always “reactive” to
some extent. We do not know whether their supportive
effects could be in all cases matched to the “beneficial
A2” genetic profile, leaving the possibility that the spe-
cific means by which astrocytes support neurons might




Considering that astrocytes may act as a double-edged
sword, exerting both detrimental and neuroprotective
effects, it is conceivable that enhancing their beneficial
roles while minimizing their deleterious effects holds con-
siderable therapeutic potential for treatment of neurologi-
cal diseases. We recently reviewed and highlighted some
of the potentially targetable processes in astrocytes, which
might be of interest for future drug development (Liu
et al., 2017).
CONCLUDING REMARKS
In this brief review, we show that astrocytes actively sup-
port and protect neurons against toxic and traumatic
insults (summarized in Fig. 1). Harnessing the natural
capacity of astrocytes to protect neurons could be seen as
a promising therapeutic strategy aimed at eventually
improving neuronal function or resilience (Liu et al.,
2017). Recent revelations of the role of astroglia in the
flux of macromolecules or ions in the brain (termed
“glymphatic system”) have opened a new range of mech-
anisms by which astrocytes may contribute to the well-
being of the brain by clearance of potentially pathogenic
molecules during sleep or, in fact, by a contribution to
the sleep–wakefulness control (Xie et al., 2013; Ding
et al., 2016). We believe that many of the mechanisms
that astrocytes employ to assist neuronal networks repre-
sent potential opportunities for therapies aimed at pro-
cesses localized in astrocytes, rather than neurons.
CONFLICTS OF INTEREST
The authors declare no known conflicts of interest.
ACKNOWLEDGMENT
The authors are supported by MRC grant MR/
L020661/1 and BBSRC grant BB/L019396/1.
ROLE OF AUTHORS
S.K. designed the scope of the paper, and B.L. drafted the
manuscript. A.G.T. provided critical revision of the man-
uscript for important intellectual content. All authors take
responsibility for the accuracy and integrity of the
manuscript.
REFERENCES
Acuna AI, Esparza M, Kramm C, Beltran FA, Parra AV, Cepeda C,
Toro CA, Vidal RL, Hetz C, Concha II, et al. 2013. A failure in
energy metabolism and antioxidant uptake precede symptoms of Hun-
tington’s disease in mice. Nat Commun 4:2917.
Agnati LF, Tinner B, Staines WA, Vaananen K, Fuxe K. 1995. On the
cellular localization and distribution of carbonic anhydrase II immuno-
reactivity in the rat brain. Brain Res 676:10–24.
Agulhon C, Petravicz J, McMullen AB, Sweger EJ, Minton SK, Taves
SR, Casper KB, Fiacco TA, McCarthy KD. 2008. What is the role of
astrocyte calcium in neurophysiology? Neuron 59:932–946.
Agulhon C, Sun MY, Murphy T, Myers T, Lauderdale K, Fiacco TA.
2012. Calcium signaling and gliotransmission in normal vs. reactive
astrocytes. Front Pharmacol 3:139.
Alvarez JI, Katayama T, Prat A. 2013. Glial influence on the blood brain
barrier. Glia 61:1939–1958.
An MC, Zhang N, Scott G, Montoro D, Wittkop T, Mooney S, Melov
S, Ellerby LM. 2012. Genetic correction of Huntington’s disease phe-
notypes in induced pluripotent stem cells. Cell Stem Cell 11:253–263.
Anderson MA, Burda JE, Ren Y, Ao Y, O’Shea TM, Kawaguchi R,
Coppola G, Khakh BS, Deming TJ, Sofroniew MV. 2016. Astrocyte
scar formation aids central nervous system axon regeneration. Nature
532:195–200.
Araque A, Parpura V, Sanzgiri RP, Haydon PG. 1998. Glutamate-depen-
dent astrocyte modulation of synaptic transmission between cultured
hippocampal neurons. Eur J Neurosci 10:2129–2142.
Attwell D, Buchan AM, Charpak S, Lauritzen M, Macvicar BA,
Newman EA. 2010. Glial and neuronal control of brain blood flow.
Nature 468:232–243.
2134 Liu et al.
Journal of Neuroscience Research
Bak LK, Schousboe A, Waagepetersen HS. 2006. The glutamate/GABA-
glutamine cycle: aspects of transport, neurotransmitter homeostasis and
ammonia transfer. J Neurochem 98:641–653.
Barres BA. 1991. Glial ion channels. Curr Opin Neurobiol 1:354–359.
Barres BA. 2008. The mystery and magic of glia: a perspective on their
roles in health and disease. Neuron 60:430–440.
Barros LF. 2013. Metabolic signaling by lactate in the brain. Trends Neu-
rosci 36:396–404.
Belanger M, Allaman I, Magistretti PJ. 2011. Brain energy metabolism: focus
on astrocyte-neuron metabolic cooperation. Cell Metab 14:724–738.
Belanger M, Magistretti PJ. 2009. The role of astroglia in neuroprotec-
tion. Dialogues Clin Neurosci 11:281–295.
Benveniste EN. 1992. Inflammatory cytokines within the central nervous
system: sources, function, and mechanism of action. Am J Physiol
263(1 Pt 1):C1–C16.
Berger UV, Hediger MA. 2000. Distribution of the glutamate transport-
ers GLAST and GLT-1 in rat circumventricular organs, meninges, and
dorsal root ganglia. J Comp Neurol 421:385–399.
Bernardinelli Y, Magistretti PJ, Chatton JY. 2004. Astrocytes generate
Na1-mediated metabolic waves. Proc Natl Acad Sci U S A 101:
14937–14942.
Brenner M, Kisseberth WC, Su Y, Besnard F, Messing A. 1994. GFAP
promoter directs astrocyte-specific expression in transgenic mice.
J Neurosci 14(3 Pt 1):1030–1037.
Bribian A, Figueres-Onate M, Martin-Lopez E, Lopez-Mascaraque L.
2016. Decoding astrocyte heterogeneity: new tools for clonal analysis.
Neuroscience 323:10–19.
Broer S, Palacin M. 2011. The role of amino acid transporters in inher-
ited and acquired diseases. Biochem J 436:193–211.
Brucklacher RM, Vannucci RC, Vannucci SJ. 2002. Hypoxic
preconditioning increases brain glycogen and delays energy depletion
from hypoxia-ischemia in the immature rat. Dev Neurosci 24:411–417.
Bryson JB, Machado CB, Crossley M, Stevenson D, Bros-Facer V,
Burrone J, Greensmith L, Lieberam I. 2014. Optical control of muscle
function by transplantation of stem cell-derived motor neurons in mice.
Science 344:94–97.
Burda JE, Sofroniew MV. 2014. Reactive gliosis and the multicellular
response to CNS damage and disease. Neuron 81:229–248.
Cabezas R, Avila M, Gonzalez J, El-Bacha RS, Baez E, Garcia-Segura
LM, Jurado Coronel JC, Capani F, Cardona-Gomez GP, Barreto GE.
2014. Astrocytic modulation of blood brain barrier: perspectives on Par-
kinson’s disease. Front Cell Neurosci 8:211.
Cahoy JD, Emery B, Kaushal A, Foo LC, Zamanian JL, Christopherson
KS, Xing Y, Lubischer JL, Krieg PA, Krupenko SA, et al. 2008. A
transcriptome database for astrocytes, neurons, and oligodendrocytes: a
new resource for understanding brain development and function.
J Neurosci 28:264–278.
Calcinaghi N, Jolivet R, Wyss MT, Ametamey SM, Gasparini F, Buck
A, Weber B. 2011. Metabotropic glutamate receptor mGluR5 is not
involved in the early hemodynamic response. J Cereb Blood Flow
Metab 31:e1–e10.
Cammer W, Tansey FA. 1988. The astrocyte as a locus of carbonic-
anhydrase in the brains of normal and dysmyelinating mutant mice.
J Comp Neurol 275:65–75.
Canada SE, Weaver SA, Sharpe SN, Pederson BA. 2011. Brain glycogen
supercompensation in the mouse after recovery from insulin-induced
hypoglycemia. J Neurosci Res 89:585–591.
Castro MA, Beltran FA, Brauchi S, Concha II. 2009. A metabolic switch
in brain: glucose and lactate metabolism modulation by ascorbic acid.
J Neurochem 110:423–440.
Chen H, Qian K, Du Z, Cao J, Petersen A, Liu H, Blackbourn LW 4th,
Huang CL, Errigo A, Yin Y, et al. 2014. Modeling ALS with iPSCs
reveals that mutant SOD1 misregulates neurofilament balance in motor
neurons. Cell Stem Cell 14:796–809.
Chen KC, Nicholson C. 2000. Spatial buffering of potassium ions in
brain extracellular space. Biophys J 78:2776–2797.
Chen Y, Vartiainen NE, Ying W, Chan PH, Koistinaho J, Swanson RA.
2001. Astrocytes protect neurons from nitric oxide toxicity by a
glutathione-dependent mechanism. J Neurochem 77:1601–1610.
Chever O, Djukic B, McCarthy KD, Amzica F. 2010. Implication of
Kir4.1 channel in excess potassium clearance: an in vivo study on anes-
thetized glial-conditional Kir4.1 knock-out mice. J Neurosci 30:15769–
15777.
Choi HB, Gordon GR, Zhou N, Tai C, Rungta RL, Martinez J, Milner
TA, Ryu JK, McLarnon JG, Tresguerres M, et al. 2012. Metabolic
communication between astrocytes and neurons via bicarbonate-
responsive soluble adenylyl cyclase. Neuron 75:1094–1104.
Chow BW, Gu C. 2015. The molecular constituents of the blood-brain
barrier. Trends Neurosci 38:598–608.
Christopherson KS, Ullian EM, Stokes CCA, Mullowney CE, Hell JW,
Agah A, Lawler J, Mosher DF, Bornstein P, Barres BA. 2005. Throm-
bospondins are astrocyte-secreted proteins that promote CNS synapto-
genesis. Cell 120:421–433.
Covarrubias-Pinto A, Acuna AI, Beltran FA, Torres-Diaz L, Castro MA.
2015. Old things new view: ascorbic acid protects the brain in neuro-
degenerative disorders. Int J Mol Sci 16:28194–28217.
Danbolt NC. 2001. Glutamate uptake. Prog Neurobiol 65:1–105.
Daneman R. 2012. The blood-brain barrier in health and disease. Ann
Neurol 72:648–672.
de Groot J, Sontheimer H. 2011. Glutamate and the biology of gliomas.
Glia 59:1181–1189.
Dehouck MP, Meresse S, Delorme P, Fruchart JC, Cecchelli R. 1990.
An easier, reproducible, and mass-production method to study the
blood-brain barrier in vitro. J Neurochem 54:1798–1801.
Deitmer JW, Rose CR. 1996. pH regulation and proton signalling by
glial cells. Prog Neurobiol 48:73–103.
Deitmer JW, Rose CR. 2010. Ion changes and signalling in perisynaptic
glia. Brain Res Rev 63:113–129.
Dhandapani KM, Brann DW. 2003. Neuroprotective effects of estrogen
and tamoxifen in vitro. Endocrine 21:59–66.
Dhandapani KM, Hadman M, De Sevilla L, Wade MF, Mahesh VB,
Brann DW. 2003. Astrocyte protection of neurons—role of transform-
ing growth factor-beta signaling via a c-Jun-AP-1 protective pathway.
J Biol Chem 278:43329–43339.
Dienel GA. 2012. Fueling and imaging brain activation. ASN Neuro 4:
e00093.
Dienel GA. 2017. Lack of appropriate stoichiometry: strong evidence
against an energetically important astrocyte-neuron lactate shuttle in
brain. J Neurosci Res 95:2103–2125.
Dienel GA, Cruz NF. 2015. Contributions of glycogen to astrocytic
energetics during brain activation. Metab Brain Dis 30:281–298.
Ding F, O’Donnell J, Xu Q, Kang N, Goldman N, Nedergaard M.
2016. Changes in the composition of brain interstitial ions control the
sleep-wake cycle. Science 352:550–555.
Djukic B, Casper KB, Philpot BD, Chin LS, McCarthy KD. 2007. Con-
ditional knock-out of Kir4.1 leads to glial membrane depolarization,
inhibition of potassium and glutamate uptake, and enhanced short-term
synaptic potentiation. J Neurosci 27:11354–11365.
Dringen R. 2000. Metabolism and functions of glutathione in brain.
Prog Neurobiol 62:649–671.
Dringen R, Kussmaul L, Gutterer JM, Hirrlinger J, Hamprecht B. 1999.
The glutathione system of peroxide detoxification is less efficient in
neurons than in astrocytes. J Neurochem 73:S106–S106.
Eid T, Thomas MJ, Spencer DD, Runden-Pran E, Lai JC, Malthankar
GV, Kim JH, Danbolt NC, Ottersen OP, de Lanerolle NC. 2004. Loss
of glutamine synthetase in the human epileptogenic hippocampus: pos-
sible mechanism for raised extracellular glutamate in mesial temporal
lobe epilepsy. Lancet 363:28–37.
Neuroprotective Potential of Astroglia 2135
Journal of Neuroscience Research
Eid T, Tu N, Lee TS, Lai JC. 2013. Regulation of astrocyte glutamine
synthetase in epilepsy. Neurochem Int 63:670–681.
Elmariah SB, Oh EJ, Hughes EG, Balice-Gordon RJ. 2005. Astrocytes
regulate inhibitory synapse formation via Trk-mediated modulation of
postsynaptic GABAA receptors. J Neurosci 25:3638–3650.
Emirandetti A, Graciele Zanon R, Sabha M Jr, de Oliveira AL. 2006.
Astrocyte reactivity influences the number of presynaptic terminals
apposed to spinal motoneurons after axotomy. Brain Res 1095:35–42.
Evans RD, Brown AM, Ransom BR. 2013. Glycogen function in adult
central and peripheral nerves. J Neurosci Res 91:1044–1049.
Ferris HA, Perry RJ, Moreira GV, Shulman GI, Horton JD, Kahn CR.
2017. Loss of astrocyte cholesterol synthesis disrupts neuronal function
and alters whole-body metabolism. Proc Natl Acad Sci U S A 114:
1189–1194.
Fillenz M. 2005. The role of lactate in brain metabolism. Neurochem Int
47:413–417.
Filosa JA, Bonev AD, Nelson MT. 2004. Calcium dynamics in cortical
astrocytes and arterioles during neurovascular coupling. Circ Res 95:
e73–e81.
Filous AR, Silver J. 2016. Targeting astrocytes in CNS injury and dis-
ease: a translational research approach. Prog Neurobiol 144:173–187.
Fitzgerald KC, O’Reilly EJ, Fondell E, Falcone GJ, McCullough ML,
Park Y, Kolonel LN, Ascherio A. 2013. Intakes of vitamin C and caro-
tenoids and risk of amyotrophic lateral sclerosis: pooled results from 5
cohort studies. Ann Neurol 73:236–245.
Foster AC, Kemp JA. 2006. Glutamate- and GABA-based CNS thera-
peutics. Curr Opin Pharmacol 6:7–17.
Fujita T, Chen MJ, Li B, Smith NA, Peng W, Sun W, Toner MJ, Kress
BT, Wang L, Benraiss A, et al. 2014. Neuronal transgene expression in
dominant-negative SNARE mice. J Neurosci 34:16594–16604.
Fujita T, Tozaki-Saitoh H, Inoue K. 2009. P2Y1 receptor signaling
enhances neuroprotection by astrocytes against oxidative stress via IL-6
release in hippocampal cultures. Glia 57:244–257.
Gajcy K, Lochynski S, Librowski T. 2010. A role of GABA analogues in the
treatment of neurological diseases. Curr Med Chem 17:2338–2347.
Gandhi S, Abramov AY. 2012. Mechanism of oxidative stress in neuro-
degeneration. Oxid Med Cell Longev 2012:428010.
Gao V, Suzuki A, Magistretti PJ, Lengacher S, Pollonini G, Steinman
MQ, Alberini CM. 2016. Astrocytic beta2-adrenergic receptors mediate
hippocampal long-term memory consolidation. Proc Natl Acad Sci U S
A 113:8526–8531.
Gebicki JM. 2016. Oxidative stress, free radicals and protein peroxides.
Arch Biochem Biophys 595:33–39.
Gomes FC, Sousa Vde O, Romao L. 2005. Emerging roles for TGF-
beta1 in nervous system development. Int J Dev Neurosci 23:413–424.
Goncalves CA, Leite MC, Nardin P. 2008. Biological and methodologi-
cal features of the measurement of S100B, a putative marker of brain
injury. Clin Biochem 41:755–763.
Gourine AV, Kasymov V, Marina N, Tang FG, Figueiredo MF, Lane S,
Teschemacher AG, Spyer KM, Deisseroth K, Kasparov S. 2010. Astro-
cytes control breathing through pH-dependent release of ATP. Science
329:571–575.
Grskovic M, Javaherian A, Strulovici B, Daley GQ. 2011. Induced plu-
ripotent stem cells—opportunities for disease modelling and drug dis-
covery. Nat Rev Drug Discov 10:915–929.
Guillamon-Vivancos T, Gomez-Pinedo U, Matias-Guiu J. 2015. Astro-
cytes in neurodegenerative diseases (I): function and molecular descrip-
tion. Neurologia 30:119–129.
Gurden H, Uchida N, Mainen ZF. 2006. Sensory-evoked intrinsic opti-
cal signals in the olfactory bulb are coupled to glutamate release and
uptake. Neuron 52:335–345.
Habbas S, Ango F, Daniel H, Galante M. 2011. Purinergic signaling in
the cerebellum: Bergmann glial cells express functional ionotropic
P2X7 receptors. Glia 59:1800–1812.
Hasel P, Dando O, Jiwaji Z, Baxter P, Todd AC, Heron S, Markus
NM, McQueen J, Hampton DW, Torvell M, et al. 2017. Neurons and
neuronal activity control gene expression in astrocytes to regulate their
development and metabolism. Nat Commun 8:15132.
Haseloff RF, Blasig IE, Bauer HC, Bauer H. 2005. In search of the astro-
cytic factor(s) modulating blood-brain barrier functions in brain capil-
lary endothelial cells in vitro. Cell Mol Neurobiol 25:25–39.
Hayashi Y, Nomura M, Yamagishi SI, Harada SI, Yamashita J,
Yamamoto H. 1997. Induction of various blood-brain barrier properties
in non-neural endothelial cells by close apposition to co-cultured astro-
cytes. Glia 19:13–26.
He Y, Hakvoort TB, Vermeulen JL, Labruyere WT, De Waart DR, Van
Der Hel WS, Ruijter JM, Uylings HB, Lamers WH. 2010. Glutamine
synthetase deficiency in murine astrocytes results in neonatal death. Glia
58:741–754.
Heinemann U, Lux HD. 1977. Ceiling of stimulus induced rises in extra-
cellular potassium concentration in the cerebral cortex of cat. Brain Res
120:231–249.
Hertz L, Dringen R, Schousboe A, Robinson SR. 1999. Astrocytes: glu-
tamate producers for neurons. J Neurosci Res 57:417–428.
Herzog RI, Chan O, Yu S, Dziura J, McNay EC, Sherwin RS. 2008.
Effect of acute and recurrent hypoglycemia on changes in brain glyco-
gen concentration. Endocrinology 149:1499–1504.
Higashi K, Fujita A, Inanobe A, Tanemoto M, Doi K, Kubo T, Kurachi
Y. 2001. An inwardly rectifying K(1) channel, Kir4.1, expressed in
astrocytes surrounds synapses and blood vessels in brain. Am J Physiol
Cell Physiol 281:C922–C931.
Howarth C. 2014. The contribution of astrocytes to the regulation of
cerebral blood flow. Front Neurosci 8:103.
Huang J, Philbert MA. 1995. Distribution of glutathione and
glutathione-related enzyme systems in mitochondria and cytosol of cul-
tured cerebellar astrocytes and granule cells. Brain Res 680:16–22.
Hutchinson DS, Catus SL, Merlin J, Summers RJ, Gibbs ME. 2011.
alpha(2)-Adrenoceptors activate noradrenaline-mediated glycogen turn-
over in chick astrocytes. J Neurochem 117:915–926.
Ichida JK, Kiskinis E. 2015. Probing disorders of the nervous system
using reprogramming approaches. EMBO J 34:1456–1477.
Israel MA, Yuan SH, Bardy C, Reyna SM, Mu Y, Herrera C, Hefferan
MP, Van Gorp S, Nazor KL, Boscolo FS, et al. 2012. Probing sporadic
and familial Alzheimer’s disease using induced pluripotent stem cells.
Nature 482:216–220.
Jensen AA, Fahlke C, Bjorn-Yoshimoto WE, Bunch L. 2015. Excitatory
amino acid transporters: recent insights into molecular mechanisms,
novel modes of modulation and new therapeutic possibilities. Curr
Opin Pharmacol 20:116–123.
Jorgensen JR, Thompson L, Fjord-Larsen L, Krabbe C, Torp M,
Kalkkinen N, Hansen C, Wahlberg L. 2009. Characterization of Mete-
orin—an evolutionary conserved neurotrophic factor. J Mol Neurosci
39:104–116.
Karagiannis A, Sylantyev S, Hadjihambi A, Hosford PS, Kasparov S,
Gourine AV. 2016. Hemichannel-mediated release of lactate. J Cereb
Blood Flow Metab 36:1202–1211.
Kim GH, Kim JE, Rhie SJ, Yoon S. 2015. The role of oxidative stress in
neurodegenerative diseases. Exp Neurobiol 24:325–340.
Kimelberg HK. 2004. The problem of astrocyte identity. Neurochem Int
45:191–202.
Kimelberg HK, Nedergaard M. 2010. Functions of astrocytes and their
potential as therapeutic targets. Neurotherapeutics 7:338–353.
Kleihues P, Soylemezoglu F, Schauble B, Scheithauer BW, Burger PC. 1995.
Histopathology, classification, and grading of gliomas. Glia 15:211–221.
Kofuji P, Newman EA. 2004. Potassium buffering in the central nervous
system. Neuroscience 129:1045–1056.
Koizumi J. 1974. Glycogen in the central nervous system. Prog Histo-
chem Cytochem 6:1–37.
2136 Liu et al.
Journal of Neuroscience Research
Kucheryavykh YV, Kucheryavykh LY, Nichols CG, Maldonado HM,
Baksi K, Reichenbach A, Skatchkov SN, Eaton MJ. 2007. Downregu-
lation of Kir4.1 inward rectifying potassium channel subunits by RNAi
impairs potassium transfer and glutamate uptake by cultured cortical
astrocytes. Glia 55:274–281.
Lachapelle MY, Drouin G. 2011. Inactivation dates of the human and
guinea pig vitamin C genes. Genetica 139:199–207.
Lai TW, Zhang S, Wang YT. 2014. Excitotoxicity and stroke: identify-
ing novel targets for neuroprotection. Prog Neurobiol 115:157–188.
Langeveld CH, Jongenelen CA, Schepens E, Stoof JC, Bast A, Drukarch B.
1995. Cultured rat striatal and cortical astrocytes protect mesencephalic
dopaminergic neurons against hydrogen peroxide toxicity independent of
their effect on neuronal development. Neurosci Lett 192:13–16.
Lee A, Lingwood BE, Bjorkman ST, Miller SM, Poronnik P, Barnett
NL, Colditz P, Pow DV. 2010. Rapid loss of glutamine synthetase
from astrocytes in response to hypoxia: implications for excitotoxicity.
J Chem Neuroanat 39:211–220.
Lee HS, Lee SH, Cha JH, Seo JH, Ahn BJ, Kim KW. 2015. Meteorin is
upregulated in reactive astrocytes and functions as a negative feedback
effector in reactive gliosis. Mol Med Rep 12:1817–1823.
Lee Y, Messing A, Su M, Brenner M. 2008. GFAP promoter elements
required for region-specific and astrocyte-specific expression. Glia 56:
481–493.
Lee Y, Su M, Messing A, Brenner M. 2006. Astrocyte heterogeneity
revealed by expression of a GFAP-LacZ transgene. Glia 53:677–687.
Lenhossek Mv. 1891. Zur kenntnis der neuroglia des menschlichen ruck-
enmarkes. Verh Anat Ges 5:193–221.
Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ,
Schirmer L, Bennett ML, Munch AE, Chung WS, Peterson TC, et al.
2017. Neurotoxic reactive astrocytes are induced by activated microglia.
Nature 541:481–487.
Lin CCJ, Yu K, Hatcher A, Huang TW, Lee HK, Carlson J, Weston MC,
Chen FJ, Zhang YQ, Zhu WY, et al. 2017. Identification of diverse astro-
cyte populations and their malignant analogs. Nat Neurosci 20:396–405.
Lind BL, Brazhe AR, Jessen SB, Tan FC, Lauritzen MJ. 2013. Rapid
stimulus-evoked astrocyte Ca21 elevations and hemodynamic responses
in mouse somatosensory cortex in vivo. Proc Natl Acad Sci U S A
110:E4678–E4687.
Liu B, Teschemacher AG, Kasparov S. 2017. Astroglia as a cellular target
for neuroprotection and treatment of neuro-psychiatric disorders. Glia
65:1205–1226.
Liu Z, Chopp M. 2015. Astrocytes, therapeutic targets for neuroprotection
and neurorestoration in ischemic stroke. Prog Neurobiol 144:103–120.
Longden TA, Dabertrand F, Koide M, Gonzales AL, Tykocki NR,
Brayden JE, Hill-Eubanks D, Nelson MT. 2017. Capillary K1-sensing
initiates retrograde hyperpolarization to increase local cerebral blood
flow. Nat Neurosci 20:717–726.
Lucius R, Sievers J. 1996. Postnatal retinal ganglion cells in vitro: protec-
tion against reactive oxygen species (ROS)-induced axonal degenera-
tion by cocultured astrocytes. Brain Res 743:56–62.
Machler P, Wyss MT, Elsayed M, Stobart J, Gutierrez R, von Faber-
Castell A, Kaelin V, Zuend M, San Martin A, Romero-Gomez I, et al.
2016. In vivo evidence for a lactate gradient from astrocytes to neurons.
Cell Metab 23:94–102.
Makar TK, Nedergaard M, Preuss A, Gelbard AS, Perumal AS, Cooper
AJ. 1994. Vitamin E, ascorbate, glutathione, glutathione disulfide, and
enzymes of glutathione metabolism in cultures of chick astrocytes and
neurons: evidence that astrocytes play an important role in antioxidative
processes in the brain. J Neurochem 62:45–53.
Maneshi MM, Maki B, Gnanasambandam R, Belin S, Popescu GK,
Sachs F, Hua SZ. 2017. Mechanical stress activates NMDA receptors in
the absence of agonists. Sci Rep 7:39610.
Matyash V, Kettenmann H. 2010. Heterogeneity in astrocyte morphol-
ogy and physiology. Brain Res Rev 63:2–10.
Mauch DH, Nagler K, Schumacher S, Goritz C, Muller EC, Otto A,
Pfrieger FW. 2001. CNS synaptogenesis promoted by glia-derived cho-
lesterol. Science 294:1354–1357.
Mishra A, Reynolds JP, Chen Y, Gourine AV, Rusakov DA, Attwell D.
2016. Astrocytes mediate neurovascular signaling to capillary pericytes
but not to arterioles. Nat Neurosci 19:1619–1627.
Morrison RS, De Vellis J, Lee YL, Bradshaw RA, Eng LF. 1985. Hor-
mones and growth factors induce the synthesis of glial fibrillary acidic
protein in rat brain astrocytes. J Neurosci Res 14:167–176.
Mosienko V, Teschemacher AG, Kasparov S. 2015. Is L-lactate a novel
signaling molecule in the brain? J Cereb Blood Flow Metab 35:1069–
1075.
Mulligan SJ, MacVicar BA. 2004. Calcium transients in astrocyte endfeet
cause cerebrovascular constrictions. Nature 431:195–199.
Nagelhus EA, Horio Y, Inanobe A, Fujita A, Haug FM, Nielsen S,
Kurachi Y, Ottersen OP. 1999. Immunogold evidence suggests that
coupling of K1 siphoning and water transport in rat retinal Muller cells
is mediated by a coenrichment of Kir4.1 and AQP4 in specific mem-
brane domains. Glia 26:47–54.
Newman EA. 1987. Distribution of potassium conductance in mamma-
lian Muller (glial) cells: a comparative study. J Neurosci 7:2423–2432.
Nishikimi M, Kawai T, Yagi K. 1992. Guinea pigs possess a highly
mutated gene for L-gulono-gamma-lactone oxidase, the key enzyme
for L-ascorbic acid biosynthesis missing in this species. J Biol Chem
267:21967–21972.
Nishino J, Yamashita K, Hashiguchi H, Fujii H, Shimazaki T, Hamada
H. 2004. Meteorin: a secreted protein that regulates glial cell differenti-
ation and promotes axonal extension. EMBO J 23:1998–2008.
Nizar K, Uhlirova H, Tian PF, Saisan PA, Cheng Q, Reznichenko L,
Weldy KL, Steed TC, Sridhar VB, MacDonald CL, et al. 2013. In vivo
stimulus-induced vasodilation occurs without IP3 receptor activation
and may precede astrocytic calcium increase. J Neurosci 33:8411–8422.
Nolte C, Matyash M, Pivneva T, Schipke CG, Ohlemeyer C, Hanisch
UK, Kirchhoff F, Kettenmann H. 2001. GFAP promoter-controlled
EGFP-expressing transgenic mice: a tool to visualize astrocytes and
astrogliosis in living brain tissue. Glia 33:72–86.
Norenberg MD. 1979. Distribution of glutamine synthetase in the rat
central nervous system. J Histochem Cytochem 27:756–762.
Nwaobi SE, Cuddapah VA, Patterson KC, Randolph AC, Olsen ML.
2016. The role of glial-specific Kir4.1 in normal and pathological states
of the CNS. Acta Neuropathol 132:1–21.
Obara M, Szeliga M, Albrecht J. 2008. Regulation of pH in the mamma-
lian central nervous system under normal and pathological conditions:
facts and hypotheses. Neurochem Int 52:905–919.
Oberheim NA, Goldman SA, Nedergaard M. 2012. Heterogeneity of
astrocytic form and function. Methods Mol Biol 814:23–45.
Obermeier B, Daneman R, Ransohoff RM. 2013. Development, main-
tenance and disruption of the blood-brain barrier. Nat Med 19:1584–
1596.
Odawara A, Saitoh Y, Alhebshi AH, Gotoh M, Suzuki I. 2014. Long-
term electrophysiological activity and pharmacological response of a
human induced pluripotent stem cell-derived neuron and astrocyte co-
culture. Biochem Biophys Res Commun 443:1176–1181.
Olsen GM, Sonnewald U. 2015. Glutamate: where does it come from
and where does it go? Neurochem Int 88:47–52.
Orkand RK, Nicholls JG, Kuffler SW. 1966. Effect of nerve impulses on
the membrane potential of glial cells in the central nervous system of
amphibia. J Neurophysiol 29:788–806.
Otsu Y, Couchman K, Lyons DG, Collot M, Agarwal A, Mallet JM,
Pfrieger FW, Bergles DE, Charpak S. 2015. Calcium dynamics in astro-
cyte processes during neurovascular coupling. Nat Neurosci 18:210–218.
Paemeleire K, Leybaert L. 2000. ATP-dependent astrocyte-endothelial
calcium signaling following mechanical damage to a single astrocyte in
astrocyte-endothelial co-cultures. J Neurotrauma 17:345–358.
Neuroprotective Potential of Astroglia 2137
Journal of Neuroscience Research
Pankratov Y, Lalo U. 2015. Role for astroglial alpha1-adrenoreceptors in
gliotransmission and control of synaptic plasticity in the neocortex.
Front Cell Neurosci 9:230.
Park JA, Lee HS, Ko KJ, Park SY, Kim JH, Choe G, Kweon HS, Song
HS, Ahn JC, Yu YS, et al. 2008. Meteorin regulates angiogenesis at the
gliovascular interface. Glia 56:247–258.
Parpura V, Verkhratsky A. 2012. Homeostatic function of astrocytes:
Ca(21) and Na(1) signalling. Transl Neurosci 3:334–344.
Pasca AM, Sloan SA, Clarke LE, Tian Y, Makinson CD, Huber N, Kim
CH, Park JY, O’Rourke NA, Nguyen KD, et al. 2015. Functional cor-
tical neurons and astrocytes from human pluripotent stem cells in 3D
culture. Nat Methods 12:671–678.
Pekny M, Pekna M. 2014. Astrocyte reactivity and reactive astrogliosis:
costs and benefits. Physiol Rev 94:1077–1098.
Pekny M, Pekna M, Messing A, Steinhauser C, Lee JM, Parpura V, Hol
EM, Sofroniew MV, Verkhratsky A. 2016. Astrocytes: a central ele-
ment in neurological diseases. Acta Neuropathol 131:323–345.
Pekny M, Wilhelmsson U, Pekna M. 2014. The dual role of astrocyte
activation and reactive gliosis. Neurosci Lett 565:30–38.
Pellerin L, Magistretti PJ. 1994. Glutamate uptake into astrocytes stimu-
lates aerobic glycolysis—a mechanism coupling neuronal-activity to glu-
cose-utilization. Proc Natl Acad Sci U S A 91:10625–10629.
Petzold GC, Albeanu DF, Sato TF, Murthy VN. 2008. Coupling of neu-
ral activity to blood flow in olfactory glomeruli is mediated by astro-
cytic pathways. Neuron 58:897–910.
Pfeiffer-Guglielmi B, Fleckenstein B, Jung G, Hamprecht B. 2003. Immuno-
cytochemical localization of glycogen phosphorylase isozymes in rat ner-
vous tissues by using isozyme-specific antibodies. J Neurochem 85:73–81.
Pfrieger FW, Barres BA. 1997. Synaptic efficacy enhanced by glial cells
in vitro. Science 277:1684–1687.
Phelps CH. 1972. Barbiturate-induced glycogen accumulation in brain.
An electron microscopic study. Brain Res 39:225–234.
Platt SR. 2007. The role of glutamate in central nervous system health
and disease—a review. Vet J 173:278–286.
Potokar M, Jorgacevski J, Zorec R. 2016. Astrocyte aquaporin dynamics
in health and disease. Int J Mol Sci 17:E1121.
Powell EM, Geller HM. 1999. Dissection of astrocyte-mediated cues in
neuronal guidance and process extension. Glia 26:73–83.
Qiang W, Cahill JM, Liu J, Kuang X, Liu N, Scofield VL, Voorhees JR,
Reid AJ, Yan M, Lynn WS, et al. 2004. Activation of transcription fac-
tor Nrf-2 and its downstream targets in response to moloney murine
leukemia virus ts1-induced thiol depletion and oxidative stress in astro-
cytes. J Virol 78:11926–11938.
Rama Rao KV, Kielian T. 2015. Neuron-astrocyte interactions in neuro-
degenerative diseases: role of neuroinflammation. Clin Exp Neuroim-
munol 6:245–263.
Ramon y Cajal S. 1913. Contribucion al conocimiento de la neuroglia
del cerebro humano (A contribution to the understanding of neuroglia
of the human brain). Trab Lab Invest Biol (XI):225–315.
Rangroo Thrane V, Thrane AS, Wang F, Cotrina ML, Smith NA, Chen
M, Xu Q, Kang N, Fujita T, Nagelhus EA, et al. 2013. Ammonia trig-
gers neuronal disinhibition and seizures by impairing astrocyte potas-
sium buffering. Nat Med 19:1643–1648.
Risher WC, Eroglu C. 2012. Thrombospondins as key regulators of syn-
aptogenesis in the central nervous system. Matrix Biol 31:170–177.
Rose CF, Verkhratsky A, Parpura V. 2013. Astrocyte glutamine synthe-
tase: pivotal in health and disease. Biochem Soc Trans 41:1518–1524.
Rose CR, Verkhratsky A. 2016. Principles of sodium homeostasis and
sodium signalling in astroglia. Glia 64:1611–1627.
Rothstein JD, Dykes-Hoberg M, Pardo CA, Bristol LA, Jin L, Kuncl
RW, Kanai Y, Hediger MA, Wang Y, Schielke JP, et al. 1996.
Knockout of glutamate transporters reveals a major role for astroglial
transport in excitotoxicity and clearance of glutamate. Neuron 16:675–
686.
Roy NS, Cleren C, Singh SK, Yang L, Beal MF, Goldman SA. 2006.
Functional engraftment of human ES cell-derived dopaminergic neu-
rons enriched by coculture with telomerase-immortalized midbrain
astrocytes. Nat Med 12:1259–1268.
Rubin LL, Hall DE, Porter S, Barbu K, Cannon C, Horner HC,
Janatpour M, Liaw CW, Manning K, Morales J, et al. 1991. A cell-
culture model of the blood-brain-barrier. J Cell Biol 115:1725–1735.
Schousboe A, Waagepetersen HS. 2007. GABA: homeostatic and phar-
macological aspects. Prog Brain Res 160:9–19.
Schummers J, Yu HB, Sur M. 2008. Tuned responses of astrocytes and
their influence on hemodynamic signals in the visual cortex. Science
320:1638–1643.
Seib TM, Patel SA, Bridges RJ. 2011. Regulation of the system x(C)-
cystine/glutamate exchanger by intracellular glutathione levels in rat
astrocyte primary cultures. Glia 59:1387–1401.
Shank RP, Bennett GS, Freytag SO, Campbell GL. 1985. Pyruvate car-
boxylase: an astrocyte-specific enzyme implicated in the replenishment
of amino acid neurotransmitter pools. Brain Res 329:364–367.
Shaw PJ. 2005. Molecular and cellular pathways of neurodegeneration in
motor neurone disease. J Neurol Neurosurg Psychiatry 76:1046–1057.
Sofroniew MV. 2009. Molecular dissection of reactive astrogliosis and
glial scar formation. Trends Neurosci 32:638–647.
Sofroniew MV, Vinters HV. 2010. Astrocytes: biology and pathology.
Acta Neuropathol 119:7–35.
Song D, Man Y, Li BM, Xu JN, Hertz L, Peng L. 2013. Comparison
between drug-induced and K1-induced changes in molar acid extru-
sion fluxes (J(H) (1)) and in energy consumption rates in astrocytes.
Neurochem Res 38:2364–2374.
Sotelo-Hitschfeld T, Niemeyer MI, Machler P, Ruminot I, Lerchundi
R, Wyss MT, Stobart J, Fernandez-Moncada I, Valdebenito R,
Garrido-Gerter P, et al. 2015. Channel-mediated lactate release by
K(1)-stimulated astrocytes. J Neurosci 35:4168–4178.
Spector R, Lorenzo AV. 1973. Ascorbic acid homeostasis in the central
nervous system. Am J Physiol 225:757–763.
Steffek AE, McCullumsmith RE, Haroutunian V, Meador-Woodruff JH.
2008. Cortical expression of glial fibrillary acidic protein and glutamine
synthetase is decreased in schizophrenia. Schizophr Res 103:71–82.
Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS,
Nouri N, Micheva KD, Mehalow AK, Huberman AD, Stafford B,
et al. 2007. The classical complement cascade mediates CNS synapse
elimination. Cell 131:1164–1178.
Stone EA, Ariano MA. 1989. Are glial cells targets of the central norad-
renergic system? A review of the evidence. Brain Res Brain Res Rev
14:297–309.
Sun W, Cornwell A, Li J, Peng S, Osorio MJ, Aalling N, Wang S,
Benraiss A, Lou N, Goldman SA, et al. 2017. SOX9 is an astrocyte-
specific nuclear marker in the adult brain outside the neurogenic
regions. J Neurosci 37:4493–4507.
Sun W, McConnell E, Pare JF, Xu QW, Chen M, Peng WG, Lovatt D, Han
XN, Smith Y, Nedergaard M. 2013. Glutamate-dependent neuroglial cal-
cium signaling differs between young and adult brain. Science 339:197–200.
Takahashi K, Foster JB, Lin CG. 2015. Glutamate transporter EAAT2:
regulation, function, and potential as a therapeutic target for neurologi-
cal and psychiatric disease. Cell Mol Life Sci 72:3489–3506.
Takano T, Tian GF, Peng W, Lou N, Libionka W, Han X, Nedergaard
M. 2006. Astrocyte-mediated control of cerebral blood flow. Nat Neu-
rosci 9:260–267.
Takumi T, Ishii T, Horio Y, Morishige K, Takahashi N, Yamada M,
Yamashita T, Kiyama H, Sohmiya K, Nakanishi S, et al. 1995. A novel
ATP-dependent inward rectifier potassium channel expressed predomi-
nantly in glial cells. The Journal of biological chemistry 270:16339–16346.
Tanaka J, Toku K, Zhang B, Ishihara K, Sakanaka M, Maeda N. 1999.
Astrocytes prevent neuronal death induced by reactive oxygen and
nitrogen species. Glia 28:85–96.
2138 Liu et al.
Journal of Neuroscience Research
Tanaka K, Watase K, Manabe T, Yamada K, Watanabe M, Takahashi K,
Iwama H, Nishikawa T, Ichihara N, Kikuchi T, et al. 1997. Epilepsy
and exacerbation of brain injury in mice lacking the glutamate trans-
porter GLT-1. Science 276:1699–1702.
Tang X, Zhou L, Wagner AM, Marchetto MC, Muotri AR, Gage FH,
Chen G. 2013. Astroglial cells regulate the developmental timeline of
human neurons differentiated from induced pluripotent stem cells. Stem
Cell Res 11:743–757.
Tani H, Dulla CG, Farzampour Z, Taylor-Weiner A, Huguenard JR,
Reimer RJ. 2014. A local glutamate-glutamine cycle sustains synaptic
excitatory transmitter release. Neuron 81:888–900.
Teschemacher AG, Gourine AV, Kasparov S. 2015. A role for astrocytes
in sensing the brain microenvironment and neuro-metabolic integra-
tion. Neurochem Res 40:2386–2393.
Torp R, Hoover F, Danbolt NC, Storm-Mathisen J, Ottersen OP. 1997.
Differential distribution of the glutamate transporters GLT1 and
rEAAC1 in rat cerebral cortex and thalamus: an in situ hybridization
analysis. Anat Embryol (Berl) 195:317–326.
Torres A, Wang F, Xu Q, Fujita T, Dobrowolski R, Willecke K,
Takano T, Nedergaard M. 2012. Extracellular Ca(2)(1) acts as a medi-
ator of communication from neurons to glia. Sci Signal 5:ra8.
Turovsky E, Theparambil SM, Kasymov V, Deitmer JW, Del Arroyo
AG, Ackland GL, Corneveaux JJ, Allen AN, Huentelman MJ,
Kasparov S, et al. 2016. Mechanisms of CO2/H1 sensitivity of astro-
cytes. J Neurosci 36:10750–10758.
Tyzack GE, Sitnikov S, Barson D, Adams-Carr KL, Lau NK, Kwok JC,
Zhao C, Franklin RJ, Karadottir RT, Fawcett JW, et al. 2014. Astro-
cyte response to motor neuron injury promotes structural synaptic plas-
ticity via STAT3-regulated TSP-1 expression. Nat Commun 5:4294.
Van Deijk ALF, Camargo N, Timmerman J, Heistek T, Brouwers JF,
Mogavero F, Mansvelder HD, Smit AB, Verheijen MHG. 2017. Astro-
cyte lipid metabolism is critical for synapse development and function
in vivo. Glia 65:670–682.
Verkhratsky A, Matteoli M, Parpura V, Mothet JP, Zorec R. 2016.
Astrocytes as secretory cells of the central nervous system: idiosyncrasies
of vesicular secretion. EMBO J 35:239–257.
Verkhratsky A, Nedergaard M, Hertz L. 2015. Why are astrocytes impor-
tant? Neurochem Res 40:389–401.
Walls AB, Waagepetersen HS, Bak LK, Schousboe A, Sonnewald U.
2015. The glutamine-glutamate/GABA cycle: function, regional differ-
ences in glutamate and GABA production and effects of interference
with GABA metabolism. Neurochem Res 40:402–409.
Warner TA, Kang JQ, Kennard JA, Harrison FE. 2015. Low brain ascor-
bic acid increases susceptibility to seizures in mouse models of decreased
brain ascorbic acid transport and Alzheimer’s disease. Epilepsy Res 110:
20–25.
Watanabe T, Morimoto K, Hirao T, Suwaki H, Watase K, Tanaka K.
1999. Amygdala-kindled and pentylenetetrazole-induced seizures in glu-
tamate transporter GLAST-deficient mice. Brain Res 845:92–96.
Wells JA, Christie IN, Hosford PS, Huckstepp RTR, Angelova PR, Vihko
P, Cork SC, Abramov AY, Teschemacher AG, Kasparov S, et al. 2015. A
critical role for purinergic signalling in the mechanisms underlying genera-
tion of BOLD fMRI responses. J Neurosci 35:5284–5292.
Wilson JX. 1997. Antioxidant defense of the brain: a role for astrocytes.
Can J Physiol Pharmacol 75:1149–1163.
Wong AD, Ye M, Levy AF, Rothstein JD, Bergles DE, Searson PC.
2013. The blood-brain barrier: an engineering perspective. Front Neu-
roeng 6:7.
Wong CG, Bottiglieri T, Snead OC 3rd. 2003. GABA, gamma-
hydroxybutyric acid, and neurological disease. Ann Neurol 54 Suppl 6:
S3–S12.
Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, O’Donnell J,
Christensen DJ, Nicholson C, Iliff JJ, et al. 2013. Sleep drives metabo-
lite clearance from the adult brain. Science 342:373–377.
Ye ZC, Rothstein JD, Sontheimer H. 1999. Compromised glutamate
transport in human glioma cells: reduction-mislocalization of sodium-
dependent glutamate transporters and enhanced activity of cystine-
glutamate exchange. J Neurosci 19:10767–10777.
Zanotti S, Charles A. 1997. Extracellular calcium sensing by glial cells:
low extracellular calcium induces intracellular calcium release and inter-
cellular signaling. J Neurochem 69:594–602.
Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe S,
Phatnani HP, Guarnieri P, Caneda C, Ruderisch N, et al. 2014. An
RNA-sequencing transcriptome and splicing database of glia, neurons,
and vascular cells of the cerebral cortex. J Neurosci 34:11929–11947.
Zhang Y, Schmid B, Nikolaisen NK, Rasmussen MA, Aldana BI, Agger
M, Calloe K, Stummann TC, Larsen HM, Nielsen TT, et al. 2017.
Patient iPSC-derived neurons for disease modeling of frontotemporal
dementia with mutation in CHMP2B. Stem Cell Rep 8:648–658.
Zhou Y, Danbolt NC. 2013. GABA and glutamate transporters in brain.
Front Endocrinol 4:165.
Zonta M, Angulo MC, Gobbo S, Rosengarten B, Hossmann KA, Pozzan
T, Carmignoto G. 2003. Neuron-to-astrocyte signaling is central to the
dynamic control of brain microcirculation. Nat Neurosci 6:43–50.
Neuroprotective Potential of Astroglia 2139
Journal of Neuroscience Research
